lbotenic acid lesions were placed in two monkeys in a portion of cortical area V2 that corresponds to a lower quadrant of the visual field extending approximately 3-7" from the fovea. For purposes of comparison, another lesion was placed in area Vl in one animal.
A wide range of visual capacities were then measured, using a discrimination between vertical and horizontal orientation, in and near the affected regions of the visual field. Visual acuity declined sharply as the test stimulus approached the visual field location corresponding to the Vl lesion, and no threshold could be measured at its center. In contrast, lesions of area V2 caused no measurable decrease in acuity, nor was there any substantial effect on several measures of contrast sensitivity. Subsequently, two types of more complex visual discriminations-were measured (also using a vertical-horizontal discrimination), and these discriminations were severely disrupted by V2 lesions. The first discrimination was of the orientation of two parallel lines of five colinear dots each. We measured the number of background dots that would bring the discrimination to threshold, and this number of dots was greatly decreased by a V2 lesion. The second discrimination was of the orientation of a group of three distinctive texture elements embedded in a six by six element texture. This task could not be done in the visual field region affected by the V2 lesion when the distinctive elements differed in orientation from the others. Control experiments showed that the discrimination could be done when the three distinctive elements differed in size or color. These results suggest that cortical area V2 is not needed for some low-level discriminations, but may be essential for tasks involving complex spatial discriminations.
[Key words: extrastriate, visualcortex, contrast sensitivity, orientation discrimination, parallel pathways, macaque monkeyI Cortical area V2, which is now known to contain at least three subregions, lies immediately adjacent to, and receives much of its input from, cortical area V 1 (striate cortex). Area V 1 is the conduit for virtually all geniculocortical projections, and lesions Received Oct. 30, 1992; revised Jan. 20, 1993; accepted Feb. 11, 1993 . We thank James Jester for assistance in testing monkeys and Peter Vamvakius for histology and lesion reconstruction. Dr. Tatiana Pastemak commented on the manuscript. This research was supported by Grants ES01 247, EYO 13 19, EY059 11, and EY08898.
Correspondence should be addressed to William H. Merigan of area Vl in macaque or human usually result in almost complete blindness (Koemer and Teuber, 1973; Miller et al., 1980) . Area V2, on the other hand, operates in parallel with other pathways to extrastriate cortex (Van Essen, 1985) , and it is not known how severely its removal affects vision. While lesions have been made in prestriate areas of macaque visual cortex (e.g., Denny-Brown Chambers, 1976) it is unclear which portions of V2 were damaged by these lesions, and testing was not done with controlled visual fixation. In humans, damage to the likely counterpart of macaque area V2 (Clarke and Miklossy, 1990 ) results in markedly different effects depending on whether the lesion is dorsal or ventral to the calcarine fissure (Damasio and Damasio, 1989 ). This qualitative difference may be due to damage extending to underlying white matter, thus affecting striate input to a wide region of extrastriate cortex. These observations suggest that there may be no counterpart in human clinical cases to the lesions of the present study, which were confined to neurons and spared fiber tracts. For example, lesions near human V2 that result in field loss in the lower visual field, with a sharp border along the horizontal meridian (Horton and Hoyt, 199 1 b) , have been interpreted as due to lesions of cortical area V2 or V2 and V3, but may in fact reflect damage to fiber tracts.
That cortical areas V 1 and V2 might make different contributions to visual processing is not strongly suggested by the physiological properties of their neurons. The two areas show great similarities in selectivity for such stimulus features as orientation, direction, color, contrast, and so on. However, there are differences. Neurons in area V2 have larger receptive fields and are responsive to somewhat lower spatial frequencies (Foster et al., 1985) than those in Vl. There also appear to be somewhat more binocularly driven cells in V2 than V 1 (Poggio et al., 1988) . In addition, recent reports have described a dramatic difference in the response of V 1 and V2 neurons to such complex stimulus features as illusory contours (Heydt and Peterhans, 1989 ), but these findings remain controversial (Grosof et al., 1992) .
The goal of the present study was to determine what changes in visual performance result from damage to area V2. Because V2 is the target for much of the neuronal output of area V 1, we first compared the effects of V 1 and V2 lesions on basic visual capacities. V 1 lesions devastated vision, but since we found little change in basic visual capacities after V2 lesions, we next examined effects of these lesions on visual discriminations that require more complex processing. The two tasks used in these experiments involved the recognition of colinearity of dots, and the discrimination of shape from local orientation, discriminations that were designed to test the grouping of local features. These tasks were suggested in part by single-unit studies of V 1 and V2 neurons (Heydt and Peterhans, 1989; Grosofet al., 1992) and by modeling studies of cortical processing (Sutter et al., 1989; Malik and Perona, 1990) . Since the results suggested that such discriminations could not be done in the absence of V2, three control experiments were run to rule out alternative accounts of the V2 related deficits.
Materials and Methods
All experiments were carried out in accordance with U.S. Public Health Service guidelines (NIH Guide for the Care and Use of Laboratory Animals, 1978) .
Subjects
The subjects were two adult female monkeys (Macaca nemestrina) of approximately 5 kg body weight. They had free access to monkey chow, supplemented regularly with fresh fruit, and their water was withheld for approximately 20 hr before threshold testing 5 d each week. All testing was done binocularly using controlled fixation.
Placement of lesions
Lesions of area V2 were made along an 8 mm portion of the posterior bank of the dorsal lunate sulcus extending from about 8 to 16 mm from the midline. In an aseptic procedure the cortical surface was exposed with a craniotomy and durotomy, and a 10 mm stretch of the posterior bank of the lunate sulcus was mapped with microelectrodes. When mapping was complete, the electrode was replaced with a recordinginjecting probe (Schiller and Maipeh, 1977) , and a grid of injections of ibotenic acid.( 10 wdrl) was made with approximately 1 mm spacing. Forty-one injections of 750 nl were made in left V2 of monkey 857 (lower right visual field), 5 1 such injections in left V2 of monkey 9 102 (lower right visual field), and 4 I injections of 1 .O ~1 in right V2 ofmonkey 9 102 (lower left visual field). In addition, a lesion was made in ventral Vl of the right hemisphere of monkey 9102 (upper left visual field), by placing 50 injections of 750 nl in a square 6 x 6 mm. Individual injections were spaced 1 mm center to center and were about 1.5 mm below the cortical surface.
The injections in the left hemisphere of monkey 9102 produced no visual effects (tested with all of the tasks described in this article), and there was no sign of any morphological changes post-mortem.
We do not know. why these injections failed to produce a lesion.
Implantation of scleral search coil and headmount
In separate procedures, after placement of the lesion in monkey 857 and before placement of the first lesion in 9102, a scleral search coil was implanted in the right eye of each monkey, under isoflurane anesthesia, so that eye position could be monitored. At the same time a stainless steel sleeve was attached to the skull so that the monkey's head could be immobilized.
Sequence of lesions and testing
In monkey 9 102, the left V2 lesion was attempted (unsuccessfully; see above), followed 5 months later by the Vl lesion, and then 2 months after that by the successful right V2 lesion. This monkey was killed 10 months after the Vl lesion and 8 months after the V2 lesion. In monkey 857, the single V2 lesion was followed 18 months later by death. After each of the lesions, visual acuity was mapped throughout the visual field for approximately 2 months, and then contrast sensitivity was measured for approximately an additional month. The remaining more complex discriminations were then tested in isolation for another 3 months, before each of these functions was rechecked to determine if there had been any long-term changes.
Apparatus and procedures Visual acuity
Acuity was tested as previously described (Merigan et al., 199 1 a) , except that a stimulus size of 1.6" was used for measurements. Briefly, the monkey fixated a laser spot placed so as to arrange the correct retinal locus of a 1.6" diameter circular patch of sinusoidal grating displayed on a high-resolution monitor (P-3 1 phosphor, 0.55 Michaelson contrast, 16 cd/m2). The monkey responded by pressing on a left or right pushbutton depending upon whether the grating was horizontal or vertical. Grating spatial frequency was adjusted according to a staircase proce- used to test contrast sensitivity. The stimulus consists of a vertical or horizontal cosinusoidal grating multiplied by a vertical and horizontal Gaussian envelope. Such a stimulus is relatively localized in both space (location on the retina) and spatial frequency (frequency of the cosinusoidal gratting). For testing chromatic sensitivity, the cosinusoidal grating varied in color, not in luminance as shown here. When testing sensitivity to drifting stimuli, the Gaussian envelope remained in place, and the cosinusoidal grating drifted to the right. dure in 0.3 octave steps, and threshold was taken at 75% correct from the daily psychometric function. In this and all the other procedures described below, test sessions lasted 200 trials. In addition, trials were terminated (and stimuli turned off) when fixation deviated more than 0.3" from the fixation spot, and data from terminated trials were discarded.
Contrast sensitivity
Testing procedures have been described in detail (Merigan et al., 199 la, b) . The monkey fixated a laser spot projected on the face of a 19 inch color monitor (Conrac 7211) placed at a distance of 2 11 cm. Contrast thresholds were measured with small patches of grating (Gabor functions) ( Fig. 1 ) generated on an Adage 3006 raster display unit and presented at a frame rate of 60 Hz. The horizontal and vertical Gaussian weighting functions had space constants (s) of 1.14", so that the grating was above 37% of peak contrast (full width at the l/e point), over a region of 2.28". Once the monkey fixated, stimuli were presented with a slow and gradual onset (contrast was raised from 0 to full contrast according to one-half cycle of a raised cosine of 0.5 Hz, i.e.. slowlv came on over 1 set). and stimuli remained on until either a hxation-break or a response: The contrast of the stimulus was varied from trial to trial according to a staircase, becoming easier by one step (2 dB contrast) after each error, and harder, with probability 0.33, after each correct choice. Daily sessions consisted of 200 trials, and thresholds were taken at 75% correct responding either by linear interpolation or by probit fits to the daily psychometric functions (Finney, 197 1). Luminance contrast sensitivity for stationary gratings. The cosinusoidal component of the Gabor stimulus was a i cycle/degree luminance grating. These gratings were presented in either horizontal or vertical orientation, and the monkey indicated the orientation by pressing a left or right pushbutton.
Chromatic contrast sensitivity for stationary gratings. The cosinusoida1 component of the stimulus was a 1 cycle/degree isoluminant chromatic grating that was modulated in a red-green (i.e., constant blue) direction in the MacLeod-Boynton color space (Derrington et al., 1984; Merigan, 1989) . Chromatic contrast sensitivity was taken as the sum of the modulations of the middle-and long-wavelength cones. In addition, the tritanopic direction in color space (approximately yellowblue) was also tested for monkey 857. As above, sensitivity was tested by having the monkey discriminate grating orientation.
Contrast sensitivity for the detection of drifting gratings. The cosinusoidal component ofthe stimulus was a 1 cycle/degree luminance grating drifting at 10 degrees/set ( 10 Hz). A yes-no procedure was used to test contrast thresholds. On each "yes" trial (presented randomly on half the trials) a vertical Gabor stimulus was presented during fixation, and the Gaussian envelope remained fixed while the cosinusoidal component drifted to the right. The correct response was to the right pushbutton on such trials. On "no" trials, no stimulus was presented, and the correct response was a press on the left pushbutton.
Contrast sensitivityfor discriminating the direction of motion. Stimuli were the same as in the previous experiment except that a Gabor stimulus was presented on every trial and the cosinusoidal component drifted either to the right or to the left. The right pushbutton was used to signal rightward motion, and the left to signal leftward motion.
Complex discriminations Colinearity of groups of dots. Stimuli like those shown at the top of Figure 9 were presented, one on each trial. One group of stimuli contained two lines of five horizontally aligned dots like that shown at the top left of Figure 9 , and for such stimuli a press on the left pushbutton was correct. The other group of stimuli contained two lines of vertically aligned dots like those shown in the top right of Figure 9 , and with such stimuli the right pushbutton was correct. On each trial the number of background masking dots was controlled by a staircase with one fewer masking dot presented after each error, and one more (with probability 0.33) after each correct response. The location of each masking dot had a fixed centroid and a random horizontal and vertical displacement of up to one-fourth the separation of the lines of dots. The stimuli shown in Figure 9 have seven masking dots. These stimuli were presented as black squares on a white monitor screen and the full stimulus subtended 2 x 2 degrees of visual angle.
Discriminating the orientation of triads of texture elements. Stimuli for the first experiment are illustrated in the top left and right of Figure  10 . On roughly half of the trials a stimulus like that shown in the top left ofFigure 10 was presented, with the three right oblique line segments forming a horizontal group. This group always was shown within a central region consisting of the middle four columns and middle two rows. On such trials a left pushbutton response was correct. On the other trials a stimulus like that shown in the right part of Figure 10 was shown. Again the location of the stimulus was confined to a central region consisting of the central two columns and central four rows. On such trials a right response was correct. These stimuli were presented as black lines on a white monitor and the full stimulus subtended 2 x 2 degrees of visual angle.
Detection of single misoriented texture element. As shown in Figure   11 , the texture presented on each trial sometimes contained a single right oblique line segment. On trials with no misoriented line segment (left of Fig. 1 l) , left pushbutton responses were correct, and on the other trials (right of Fig. 1 l) , right responses were correct.
Discriminating the orientation of triads of thicker line elements. As shown in Figure 12 , this task was identical to that illustrated above in Figure 10 , except that the three misoriented line segments were made three times as thick. This provided a luminance cue to the orientation of the group that was not present in the earlier task.
Discriminating the orientation of triads of square patches of color. For this experiment the small line segments of the texture were replaced by small square patches of color on a white display. Figure 13 shows the arrangement of the task, although the colors are represented here by different patterns. The two colors used were reddish and greenish, matching the colors used above in chromatic gratings, and fell along a constant-blue axis in opponent color space (Merigan, 1989) . After initial testing with these stimuli, the relative intensity of the reddish and greenish stimuli was varied over sessions to establish that this task could also be done at isoluminance. As above, the stimuli subtended 2 x 2 degrees of visual angle.
Reconstruction of lesions
At the conclusion of behavioral testing, the lesions placed in both monkeys were reconstructed with physiological and anatomical techniques. Immediately prior to death, multiunit physiological recordings were used to map the portion of cortical areas Vl and V2 surrounding the lesion. Small electrolytic lesions (10 rA x 10 set) were made to facilitate reconstruction of the penetrations. After physiological recording, the monkey was killed and perfused with a saline rinse followed by 4% paraformaldehyde in phosphate-buffered saline. The brain was removed and blocked, and 40 pm sections were cut on a freezing microtome. One section in eight was reacted for cytochrome oxidase activity (WongRiley, 1979) , and another stained for Nissl substance. The cytochrome oxidase stain provided a clear indication of cortical regions affected by the ibotenic acid, and the Nissl sections were used to assess more precisely the limits of regions without surviving neurons. These sections were used to reconstruct the extent of the lesions and their relationship to physiological recording sites. Figure 2 shows an example of a section from which the V2 lesions were reconstructed. The section was cut in a parasagittal plane and stained for cytochrome oxidase. The top portion of the section shows intact V 1 on the opercular surface of the brain. The lesion begins just posterior to the Vl/V2 border, which itself was just posterior to the lunate sulcus in cortex, and which corresponds to the vertical meridian of the visual field. The lesion extends approximately 2.5 mm down the posterior bank of the lunate sulcus.
Results

Lesion reconstructions
Lesions were successfully placed in V2 of monkey 856, and in Vi and V2 in the right hemisphere of monkey 9102. No histological evidence was found of any damage corresponding the attempted V2 lesion in the left hemisphere of monkey 9 102, nor was there any behavioral evidence for visual loss in the corresponding hemifield of that animal. We do not know why the injections failed to produce a lesion in this case.
2-D flattened maps of cortex (Van Essen and Maunsell, 1980) were constructed for the successfully ablated hemispheres using histological sections in conjunction with the reconstruction of recording site locations. Maps of Vl and adjacent extrastriate cortex from these hemispheres are shown in Figure 3 . Each map illustrates visual cortex as if it had been peeled away from white matter and then unfolded and laid flat. The elliptical region to the left is the entirety of Vl. Parts of V2, V3, and other extrastriate visual areas lie in the large region to the right. Dotted lines mark the fundi of the sulci that have been opened. The fundi of the calcarine sulcus and the lunate sulcus have been labeled. Regions of cortex in which injections of ibotenic acid caused complete lesions are marked in black, and those with partial lesions are marked by stippling.
The lesion in monkey 857 was centered in V2, and spread only a short distance into adjacent Vl . The lesion appears discontinuous in the map in Figure 3A because a split was made at the Vl/V2 border to reduce distortions resulting from the flattening. Lesioned cortex extended well beyond the fundus of the lunate sulcus, encroaching on V3. Thus, the lesion spanned a segement of the lower field representation in V2 from the vertical meridian to the horizontal meridian. A corresponding representation was ablated in monkey 9102, but with more collateral damage. In this animal the ibotenic acid spread through the white matter dorsal and posterior to V2, and extensively damaged overlying portions of Vl in the operculum. This is visible as the large region extending down from the upper border of the V 1 map in Figure 3B . Ibotenic acid from the V2 injections also spread ventrally to damage a small stretch of Vl cortex in the calcarine sulcus (upper left Vl lesion in Fig. 3B ). In monkey 9102 we intentionally made a lesion of the upper field representation in V 1. This lesion appears in the lower right section of the V 1 map in Figure 3B . Ibotenic acid from this lesion spread through the white matter and into the calcarine sulcus, producing the small lesion in the lower left part of the map. The accidental lesions in the calcarine sulcus of monkey 9 102 affected visual field eccentricitries beyond those tested behaviorally, and will not be considered further.
The relationship of the lesions to visual field representations in Vl and V2 is shown in Figure 4 . Separate axes plot visual field locations corresponding to V 1 (above) and V2 (below). The receptive fields that were plotted during the final mapping are marked with dots in Figure 4 . The borders of the lesions were located in a series of histological sections and related to visual field loci using nearby recording sites. Although portions of the lower field representation were damaged in both Vl and V2, there were regions of the quadrant for which V2 was involved and Vl was not. In these regions it was possible to assess the effects of a purely extrastriate lesion.
Visual testing
Latency from trial (and stimulus) onset to response in the two monkeys ranged from approximately 150-500 msec for all of the tasks described below. Latencies did not appear to differ from task to task, but rather to grow progressively shorter from day to day as a single task was repeated. There was no apparent change in latency from before to after placement of the lesions. (Van Essen and Maunsell, 1980) . This approach allows 3-D information about cortex obtained from histological sections to be displayed on a 2-D map. The borders of area Vl actually contact the borders of V2 (vertical contour to the right of center), but geometrical constraints dictate that they be shown as separated. Dotted lines show the location of the deepest points (fundi) of sulci, and two of these, the calcarine (Gas) and lunate (IS'), are labeled. Black areas represent regions of complete damage to cortex, and stippled areas, partial damage. throughout the course of postlesion testing. However, during the first week of testing after the lesion, the monkey would not respond when tested within 2" of the apparent center of the scotoma (2" up and 4.5" left), and simply broke fixation repeatedly. On intervening tests at other locations acuity was comparable to prelesion values. After the first week of testing, the monkey began to respond at all locations, and initial measures were comparable to those measured later. No acuity threshold could be measured, although the monkey responded well, within the central portion of the Vl lesion, and the spatial transition from no measurable acuity to normal acuity took place over less than 1". These results likely underestimate the size of the lesion since the test stimulus was large (1.6" diameter) and much of the stimulus probably had to fall within the affected area before loss was evident. The extent of the region of no measurable acuity was about l.S", and within this region we were also unable to measure even simple detection of a stationary or rapidly drifting grating stimulus (contrast 0.55, 1 cycle/degree, drifting at O-l 0 degrees/set). -.
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A different view of the acuity loss in the region of the lesion can be seen in Figure 6 , which shows the visual acuity of monkey 9 102 along a horizontal plane through the visual field at 2" above the horizontal meridian. It can be seen in this figure that acuity loss was complete within the region of the Vl lesion. Figure 7 shows visual acuity over the lower visual fields of monkeys 857 and 9102, and the location of the V2 lesions in these fields (dashed contours), as well as the location of the inadvertent damage to area V 1 (dotted contours). Circles show the visual field location of stimuli used in the subsequent studies described below. We found an approximately threefold loss of acuity within the V2 lesion for monkey 857 for the first 3 weeks of testing. Measured acuity then abruptly jumped to the normal levels shown in this figure. No evidence of improvement over time was seen for monkey 9 102, although this monkey did show a stable disruption of visual acuity that was especially severe at about 2" eccentricity near the vertical meridian, and extended across a large portion of the visual field. Reconstruction of the lesion in this monkey indicated that the areas of most marked acuity loss corresponded to unintended damage to cortical area V 1. In the regions shown by the circle in the lesion hemifield we found no damage to area V 1, complete destruction of area V2, and no evidence of acuity loss. All of the testing described below was done at this location. Figure 8 shows four measures of contrast sensitivity for monkeys 9 102 and 857 in the V2 lesion. Luminance contrast sensitivity, measured with stationary gratings (0 Hz), was not significantly altered in either monkey. Red-green chromatic contrast sensitivity, measured with the same spatiotemporal frequencies, was reduced about twofold in monkey 857, but not reduced in monkey 9 102. No change in tritanopic contrast sensitivity was found for monkey 857. Contrast sensitivity was also measured for detection and direction discrimination with 10 Hz drifting gratings in both monkeys, and no loss was found.
Thus, to this point we had found devastating long-term loss of all tested visual functions after a V 1 lesion, but no substantial change in acuity or contrast sensitivity after V2 lesions. The remainder of the tests described below examined whether more complex visual functions would be disrupted by the V2 lesion.
The upper part of Figure 9 shows examples of the stimuli used to measure orientation discrimination for lines of five colinear dots against a background of irregularly placed dots. The left stimulus shows horizontal lines of dots on a background of seven dots, and the right stimulus shows vertical lines of dots on a background of seven dots. Control performance for the two monkeys indicates that this discrimination could be made in the presence of backgrounds of up to 1 O-l 5 dots. However, in the visual field corresponding to a V2 lesion, these thresholds were reduced by about a factor of three, a result that was significant for 857 but was too variable to be significant for 9 102. The approximately threefold reduction for 9 102 was confirmed Figure 4 . Projection of the cortical lesions onto maps of the visual field, one for damage to area V 1 (above) and a second for area V2 (below). Vertical and horizontal axes represent the vertical and horizontal meridia of the visual field. Small squares show the locations of receptive fields mapped during the final recording session, which were used to relate cortical loci to locations in the visual field. The circles in the lowerjield maps show the location of test stimuli used to examine the effect of V2 lesions on contrast sensitivity, as well as on the orientation of lines of dots and texture elements.
Upper Visual Field (deg) Figure 5 . Visual acuity across the upper visual field of monkey 9 102. Visual acuity was measured at a 2" spacing vertically and horizontally across the visual field, except around the lesion where samples were taken at 0.5" spacing. The surface, fit by interpolation of cubic splines to these points, passes through all data points. Highest acuity was at the fovea (0" on horizontal and vertical meridia), and each contour represents a decrease of anproximately 10% of that value. The circle of white dots represents the location of the Vl lesion calculated from physiological and histological mapping of the lesion.
at two other visual field locations at which there were V2 (but not Vl) lesions, 6" below and 4" left, and 4" below and 6" left of fixation.
Percent correct performance in discriminating the orientation ofdistinctive line segments is shown in Figure 10 . Both monkeys performed over 85% correct in the control portion of the visual field. However, neither monkey was able to perform reliably above chance (50%) in the region corresponding to the V2 lesion. We are confident that this lack of discrimination ability was not due simply to lack of familiarity with the task. Both monkeys showed discrimination performance of over 80% within the first two sessions in the control part of the visual field, and showed no difficulty with the task for all field loci tested in this quadrant, which included all locations out to 6" eccentricity. However, within the V2 lesion they failed to reach high levels of performance despite over 20 test sessions in different regions of the visual field within the lesion quadrant.
The next three figures show performance of the same monkeys on tasks designed to clarify the basis of the disrupted performance on the discrimination shown in Figure 10 . In the first task ( Fig. 1 l) , the monkey reported whether or not a single right oblique line segment was present. With this task, the performance of both monkeys within the lesion rapidly improved to over 80%. In a second variant of the original discrimination (Fig. 12 ) the three unique line segments were made to differ in width as well as orientation from the surrounding segments. This difference greatly improved the performance of monkey 857, raising lesion locus performance to approximately 80%, while that of monkey 9102 also improved, but only to about 75%. In a final control procedure (Fig. 13) , the textures were made up of small squares of color rather than oriented line segments. Again, the monkeys were able to perform this task at levels substantially above chance, and this high level of performance was not affected when the relative luminance of the two colors was varied around isoluminance.
Discussion
In this first controlled fixation study of the visual effects of V2 (as well as partial V3) lesions, we found no alteration in visual acuity and little or no change in contrast sensitivity. Conversely, a small lesion of area V 1 caused an apparently complete loss of visual function in the corresponding region of the visual field, with no recovery over the 10 months of the experiment. However, two tasks chosen to reflect shape discrimination or grouping abilities were severely impaired by the V2 lesions, again with no recovery evident over the 10 month survival period. Control observations made with related tasks suggested that the apparently selective loss was not due simply to task difficulty or to an inability to detect the elements of textures to be grouped. These results suggest that lesions of area V2 may selectively interfere with grouping processes without disrupting basic visual capacities.
Efects of VI and V2 lesions on basic capacities
The VI lesion in the current study entirely eliminated acuity and contrast sensitivity, a result consistent with many previous studies that have shown that Vl lesions abolish most visual capabilities (see below). This result is readily explained by the fact that virtually all of the geniculocortical projection passes through V 1, so V 1 lesions remove most of the input to visual cortex. For this reason, it is not possible to dissociate the contribution that VI makes as the source of visual input for extrastriate cortex from any specific behavioral contributions that Visual Field Location (deg) Figure 6 . Visual acuity along a horizontal plane through the upper visual field of monkey 9 102. The plane is 2" above the fovea. An abrupt decrease in acuity was found at about 4-6" in the left upper field, corresponding to the location of the Vl lesion. Error bars are +SEM.
Visual Field Location (deg)
Lower Visual Field (deg) Figure 7 . Visual acuity across the lower visual field of monkeys 857 and 9102. Acuity was measured at 2" intervals in monkey 857, and with 1" spacing in monkey 9 102. The vertical axis corresponds to the vertical meridian of the visual field, and the horizontal axis is 1" below the horizontal meridian. The highest acuity was at the origin of the axes, and it was approximately the same in monkey 857 and in monkey 9102. Successive contour lines represent about a 10% decrease from this acuity. Dotted lines show the location of inadvertent damage to cortical area Vl, and dashed lines damage to area V2. The circles represent the location and approximate extent of the test locations for contrast sensitivity and orientation of lines of dots or texture elements.
it provides. V2 is the first, and largest, cortical visual area that can be lesioned without removing most of the input to later stages. Because Vl sends direct projections to V3, MT, and V4, ablation of V2 leaves some routes to higher visual cortex intact. The effects of the V2 lesions were dramatically different than those of Vl lesions, causing no change in acuity, and little or no change in contrast sensitivity. The survival of acuity and contrast sensitivity after V2 lesions is consistent with the notion that these functions can be mediated without the involvement of extrastriate cortical visual areas. It is also possible that the other extrastriate projections from VI, to V3, MT, and V4, can support these functions.
Whether low-level visual functions require extrastriate visual cortex remains a basic and important question about how visual cortex works.
Despite the fairly complete sparing of basic psychophysical thresholds, we do not know if the appearance of the test stimuli was altered by the lesion. Since we used an orientation discrimination (Katz and Merigan, 1988; Pasternak and Olson, 1992) rather than a detection task (Miller et al., 1980) to test both acuity and contrast sensitivity, we know that the monkey could still discriminate orientation after the lesion. Other features of the stimulus, especially those contributed by area V2 or its projections, might have changed. Figure 8 . Contrast sensitivity of monkeys 857 and 9102 in control and V2 lesion locations (see Fig. 5 for visual field locus) for four types of Gabor stimuli. Luminance sensitivity was measured with stationary, 1 cycle/degree grating patches; Co/or sensitivity with stationary, 1 cycle/ degree isoluminant red-green grating patches; Detection with 10 Hz, rightward drifting, 1 cycle/degree grating patches; and Direction with identical grating patches that drifted either right or left. The value shown for Color is chromatic contrast sensitivity (sum of the modulation of middle-and long-wavelength cones), and for the other tests is Michaelson contrast (L,, -L,JL,,. + Lmi.). The only significant difference was color contrast sensitivity for monkey 857 (t = 22, df = 1, p > 0.05).
Error bars are +SEM.
pearance change has been reported when grating stimuli were made to exceed the Nyquist sampling frequency for human observers (Brainard et al., 1992) . The grating appearance was so degraded by such presentation that, although their orientation could be discriminated, it was not possible to distinguish spatial frequency from contrast changes. We know from portions of the present study that, after V2 lesions, monkeys were not able to discriminate patterns on the basis of groups of details. It is possible that even more fundamental features of the visual stimuli, for example, spatial phase, uniformity, and so on, were also obscured by the lesions, and that such a change of appearance might have caused the transitory disruption of acuity by V2 lesions that was seen in monkey 857 in this study. The present failure to find dramatic changes in either acuity or contrast sensitivity contrasts sharply with the results of Horton and Hoyt (199 1 b), who found dense visual field loss below the horizontal meridian in human patients with cortical lesions. They felt that the sharp demarcation of the field loss along the horizontal meridian suggested that the source of the loss was damage to an extrastriate area, such as V2 or V3, that had a separated representation of the upper and lower visual field. Damage to area Vl was considered less likely to be the source of the loss because upper and lower visual field representations are contiguous in V 1, and it would require an unusual lesion to produce such a sharp horizontal border of field loss. The present results suggest that V2 or V3 lesions are probably not the basis of this field loss if the human visual cortex is similar to that of the macaque. A more likely basis would be damage to extrastriate projections of the lower visual field coursing superiorly from area V 1. Such a lesion would be quite different from that studied here, which appeared from myelin stains to damage only cortical neurons and not cortical pathways, and would therefore have left intact projections from area Vl to all extrastriate areas except for V2 and portions of V3.
Performance with colinear dots
The detection of colinearity is thought to be an important basis for many visual grouping abilities (Lowe, 1985) . Its presumed importance derives from the consideration that one task of the visual system is to determine the 3-D shape of objects from 2-D retinal images and that colinearity is one of the few features of 3-D images that survives projection onto a 2-D plane (Lowe, 1985) . Thus, it is likely that the perception of colinearity is important to shape perception. It is not necessary to invoke complex grouping phenomena to account for orientation discrimination with colinear dots when they are presented with no background dots. Under these conditions, the task is similar to a vertical-horizontal discrimination of line or grating stimuli, it can presumably be mediated by any linear, orientation-tuned mechanism, and it is not disrupted by V2 lesions (see above). As background dots are added, the signal-to-noise ratio for the discrimination by a linear oriented mechanism is gradually reduced, until it becomes very unfavorable for large numbers of dots. It has been proposed that when there is high background masking, perceptual grouping processes, such as detection of colinearity, may aid discrimination (Lowe, 1985) . According to this analysis, the present finding may suggest that the high level grouping response of collinearity detection has been disrupted by V2 lesions. An alternative account, which cannot be rejected by the present data, is that V2 lesions simply increase the masking effect of background dots.
Discriminating the orientation of a group of texture element Texture segmentation can often be accomplished by linear grouping or filtering operators (Bergen and Adelson, 1988; Nothdurft, 1990) , if the linear operator that does the segmentation responds to the difference between texture elements in the regions to be segregated. However, when the texture is so constructed that the operator involved in segmentation cannot see a difference between texture elements (e.g., Fig. lo) , then a more complex nonlinear operation must be invoked to segment Performance is shown for both control and V2 lesion locations. Error bars are ?SEM. The effect of the lesion was significant for monkey 857 (t= ll,df= l,p>O.O5).
the texture (Sutter et al., 1989) . For the stimulus shown in Figure  10 , this could involve a local analysis of the orientation of each texture element followed by a rectifying stage or other process that preserves the sign of response, and an integrating stage that sums the rectified signal. Such processes have been termed second order or nonlinear (Bergen and Adelson, 1988 ) and the present experiment indicates that they are disrupted by V2 lesions.
Several control experiments were used to rule out other explanations for the observed deficit. A first possibility was that the local orientation analysis was disrupted by damage to area V2. The experiment illustrated in Figure 11 shows that local orientation contrast could be detected despite a V2 lesion. This suggests that the basis for the disrupted perception was not an interference with local orientation processing. A second possibility is that the global analysis of the orientation of the group ofthree texture elements was disrupted by the V2 lesion, perhaps masked by the presence of other texture elements. This account was contradicted by the second control condition (Fig. 12) , in which the overall orientation discrimination could be made despite the surrounding texture, if a luminance cue was added to the segmented stimulus. This stimulus requires only a simple linear filtering operation to reveal the correct orientation. Finally, we wanted to determine if the improvement from the stimuli shown in Figure 10 to that shown in Figure 12 was confined to adding luminance cues, or if other visual stimuli that could be detected by linear filtering would also result in such an improvement. To examine this, we made the basis for the texture segmentation the color of the texture elements, and then checked that varying the intensity around a calculated isoluminance did not disrupt the discrimination. After the mon- Figure 12. Percent correct performance on a discrimination task used to determine if the monkeys could perform the task illustrated in Figure  9 when the differently oriented line segments were made three times as thick. Error bars are +SEM. The lesion effect was significant for monkey 9102 (t = 22, df = 1, p > 0.05).
keys reached stable performance on this discrimination with central vision, they were switched to peripheral viewing, and they performed very well on the task, both in control and in V2 lesion locations. Since this task and those shown in Figures 11 and 12 could be performed using simple linear filtering operations, we have tentatively concluded that only discriminations that require nonlinear visual processing are disrupted by V2 lesions. The present result does not indicate a likely cortical locus for nonlinear visual analysis. It does seem that simple cells in area VI (Hubel and Wiesel, 1968) have the appropriate properties to respond in an orientation-specific fashion to the stimuli shown in Figures 12 and 13 , but that they could not respond appropriately to the stimulus shown in Figure 10 . On the other hand, complex cells within area V 1 do show the type of marked nonlinearities that may be needed to respond to the oriented texture shown in Figure 10 . Computational models of complex visual discrimination (Sutter et al., 1989; Malik and Perona, 1990) typically do not identify stages in the model with particular cortical areas, because there is such a wide range of neuronal properties within a single cortical area. It is also difficult to determine if nonlinear responses seen in single neurons (Heydt and Peterhans, 1989; Grosof et al., 1992) represent ascending, descending, local, or multiple sources. The results of this study do not clarify this issue, but do show that damage to area V2 disrupts discriminations involving second-order processing. It is not known which neuronal circuits are involved in this disruption.
Previous studies of Vl lesions
Damage to cortical area V 1 in humans typically results in almost complete loss of visual function in the corresponding region of 0 9102 857 Figure 13 . Percent correct performance on a discrimination task used to determine if a discrimination like that shown in Figure 10 could be done when the row of distinctive texture elements were of different color rather than different orientation. Error bars are ?SEM. Lesions caused no significant effect.
the visual field (Koerner and Teuber, 1973) . Such a profound loss is not surprising, given that virtually all geniculocortical fibers terminate in area V 1 (Shapley and Perry, 1986) . This loss has been used to map coarsely the visual field correspondence of V 1 in humans (Horton and Hoyt, 199 1 a) , and is used routinely to localize the probable site of lesions in clinical neurology (Harrington, 1976) . The complete loss of visual function we found in the visual field location corresponding to the V 1 lesion in monkey 9 102 is thus consistent with the traditional view of the role of area V 1. However, in recent years it has been noted that both humans and monkeys may show residual visual capacities in portions of the visual field that correspond to lesions of area V 1 (Cowey and Stoerig, 199 1) . These unexpected abilities are typically ascribed to the use of visual pathways that avoid Vl, such as collicular, pulvinar, or geniculoextrastriate projections (Cowey and Stoerig, 1991) . In humans, the residual vision is quite peculiar in that it can be demonstrated with forced-choice techniques (e.g., "does it appear vertical or horizontal?'), but patients deny any consciousness of the visual capacity. In monkeys, residual vision has been shown after apparently complete cortical lesions (Miller et al., 1980) , although there remains some uncertainty about the precise qualities of this vision. In any case, the failure to uncover any evidence of residual vision after a V 1 lesion in this study appears at odds with these reports.
The amount of time that has passed since the lesion could be important to recovery, given that some of the most dramatic evidence of "blindsight" in humans emerged only many years after occurrence of the lesion (Weiskrantz and Saunders, 1984; Cowey and Stoerig, 199 1) . It is not clear, however, that long postlesion times are necessary for some recovery of vision in monkeys. Detection of extremely intense spots of light has been found after 1 week in monkeys with either unilateral or bilateral V 1 lesions (Mohler and Wurtz, 1977) . Reaching for and tracking of lights is seen within about 3 months after bilateral V 1 lesions (Schilder et al., 1972; Dineen and Keating, 198 1) . A monkey tested 5 months after a bilateral lesion of striate cortex was able to detect and precisely localize moving targets or flashing lights (Humphrey and Weiskrantz, 1967) . Thus, the 10 month survival time following the Vl lesion in the present study was undoubtedly sufficient to indicate that the lack of testable vision was due to some factor other than time.
In many of the studies demonstrating rapid recovery of some vision, the test stimulus was a bright light against a dark or dim background. The results of Mohler and Wurtz (1977) indicate that intensity is an important variable, since, shortly after a lesion, monkeys could only detect very intense spots. In other experiments, monkeys with V 1 lesions were able to discriminate lower-contrast stimuli more like those of the present study (Schilder et al., 1972; Dineen and Keating, 198 l) , but only after extensive and progressive training. Furthermore, some monkeys failed to master the discriminations despite the lengthy training. This is clearly different from the present study, in which, although postlesion testing in and near the lesion locus was lengthy, we made no effort to retrain the monkey progressively through a series of tasks.
Another variable that distinguishes the present study from previous Vl lesion studies is the extent of the lesion. Subtotal VI lesions have been used in some experiments (Mohler and Wurtz, 1977; Weiskrantz and Saunders, 1984) that have found rapid recovery ofdetection of intense punctate targets. However, those studies that have found recovery of more substantial vision (Schilder et al., 1972; Dineen and Keating, 198 1; Weiskrantz and Saunders, 1984) have used complete Vl lesions either unilaterally or bilaterally. It is possible that recovery of function, no matter how extended or progressive the training, will not be substantial unless Vl lesions cover a large portion of the visual field.
The effects of VI lesions have also been examined by determining their effects on the response properties of neurons in other cortical areas. Inactivation of V 1 by cooling caused a near complete loss of response in V2 and V3 neurons, although about 30% of neurons in V3a continued to respond (Girard and Bullier, 1989; Girard et al., 199 la) . The same investigators also found a complete loss of visual responses in area V4 when Vl was cooled (Girard et al., 199 1 b) . These results are consistent with the notion that the studied cortical areas are strongly dependent on that major part of their input that comes from the geniculostriate pathway. However, a very different result was obtained for area MT. Rodman et al. (1989 Rodman et al. ( , 1990 found little change in the directionality, binocularity, receptive field size, or topography of macaque MT neurons after extensive Vl lesions, although the amplitude of responses was greatly reduced. The possibility that residual responses might reflect stimulation beyond the limits of the Vl lesion appears remote, given their subsequent finding that adding superior colliculus lesions eliminated residual MT responses. A similar sparing of MT neuronal response was obtained by Girard et al. (1992) with cooling of area Vl. Again, response strength in MT was reduced, and directional tuning was broadened, but about 80% of recorded neurons remained visually active. A different result was obtained in an experiment done recently in the owl monkey (Kaas and Krubitzer, 1992) , in which the response of MT neurons was recorded just before and just after ablating a portion of Vl . This study found an abrupt loss of responsivity in MT neurons for stimuli placed in the affected region of the visual field, but no effect at other locations. These authors offered several possible accounts of why earlier studies might have obtained different results. Unfortunately, obvious differences between studies in variables such as species, anesthetic, and so on, make it difficult to compare results. However, if there is indeed a preservation of MT responses following Vl lesions, it is not clear what the role of such activity might be. If monkeys are blind within the portion of the visual field corresponding to Vl lesions, as the present study indicates, residual cortical responses are unlikely to be capable of mediating visual perception of the sort involved in the discriminations of this study. Future studies that compare V 1 lesion effects on extrastriate responses and visual perception could clarify this issue.
